The extent of intersystem crossing related to the heavy-atom effect of the Se and Te atoms was investigated on monosubstituted 3-phenylselanyl and 3-phenyltellanyl BODIPY derivatives. 
Introduction
4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) derivatives have found extensive applications as fluorescent dyes and biological probes due to their robust and easily tunable photophysical properties.
1-8 BODIPY chromophores typically exhibit very high quantum yields of fluorescence; the intersystem crossing (ISC) quantum yield in most derivatives is negligible. This prevents their use as triplet photosensitizers in photocatalysis, photovoltaics, photodynamic therapy (singlet oxygen generation), or triplet−triplet annihilation upconversion. 9 Nagano and his collaborators were first to prepare a 2,6-diiodo BODIPY derivative. 10 The presence of the iodine atoms enhances intersystem crossing due to a strong spin-orbit coupling between singlet and triplet states (heavy atom effect). 11, 12 High photoinduced cytotoxicity of this compound redirected the investigations, and various bromo and iodo analogues bearing different substituents 5 as well as those with alternative ISC promoters, such as heavy metal containing units, were designed and studied. 6, 13, 14 Such structural variations improved the physico-chemical properties of the chromophores and their cytotoxicities only in some cases. 5, 15 Heavy atom-free BODIPY dimers represent an alternative solution in the design of triplet sensitizers. [16] [17] [18] [19] [20] Structural variations of this type as well as extension of the BODIPY π-system by styryl or thiophene substituents shifts the absorption band maxima bathochromically to the NIR tissue transparency window (over 650 nm). 21 Several aza-BODIPY analogues have also been introduced as triplet photosensitizers. 5 Important advances in the chemistry of selenium-and tellurium-containing organic compounds have been made in the past years due to their promising pharmacological properties and low toxicity. [22] [23] [24] These compounds can be used for sensing of reactive oxygen species (ROS), reactive nitrogen species (RNS), and bioorganic thiols. [25] [26] [27] Several examples of Se-and Te-BODIPY ROS sensors, based on turning off-on fluorescence in different oxidation states, have been reported. 28, 29 In most of these examples, the Se-and Te-atom containing groups are separated from the BODIPY chromophore by a linker that still permits an efficient intramolecular charge-transfer (ICT) in their reduced form. As far as we know, only two studies describe the synthesis of compounds that have either Se or Te directly attached to the BODIPY core. 30, 31 In one of those works, Vosch and coworkers used transient spectroscopy and fluorescence single-photon timing experiments to conclude that the presence of one or two of these atoms dramatically reduces the fluorescence due to efficient ISC. 30 The triplet lifetimes and ISC quantum yields have not been determined. In addition, the authors suggested that ICT from chalcogen to the BODIPY core can be responsible for deactivation of the locally excited state.
In this work, we present the synthesis and spectroscopic characterization of several novel 3-phenylselanyl and 3-phenyltellanyl BODIPY derivatives. Transient absorption spectroscopy was used to determine the triplet lifetimes and ISC quantum yields to evaluate the effect of chalcogen substituents as heavy atoms. The spectroscopic results are compared to those obtained with some other reference BODIPY derivatives.
Results
Synthesis. The 3-phenylselanyl BODIPY derivatives 1 and 2 were synthesized from the corresponding chlorides 6 and 7, prepared by the condensation of two pyrrole derivatives according to Dehaen and coworkers 32 (Scheme 1a; see also Experimental Part), via an S N Ar reaction of benzeneselenolate generated from benzeneselenol and Cs 2 CO 3 in good chemical yields (~70%; Scheme 1b), analogous to the procedure of Vosch and coworkers. 30 The 3-phenyltellanyl BODIPY derivative 3 was obtained from 7 and benzenetellurolate generated from diphenyl ditelluride in the presence of NaBH 4 in 68% (Scheme 1c). The BODIPY derivatives 4 and 5 were again synthesized using a method 32 (Scheme 1a) described above in 65 and 14% yields, respectively. Scheme 1. Synthesis of the BODIPY Derivatives 1−7.
Photophysical Properties. The absorption spectra of the BODIPY derivatives 1−7 in acetonitrile possess a major absorption band (λ max ) in the region of 483−540 nm ( Figure 1 , Table  1 ). The absorption bands are bathochromically shifted for the derivatives 1−3 compared to those of 4−7. Their values are affected by the solvent polarity ( Figure S1 ; aggregation of 1 was excluded in a concentration dependence study, Figure S2 ). For example, λ max of 1 in water is 540 nm, and a new shoulder appears at 576 nm ( Figure S1 ). The compounds 5−7 exhibit bright fluorescence, whereas the heavy atom (I, Se, Te) containing derivatives 1−4 are only weakly fluorescent at room temperature ( Figure 2 ; Table 1 ). A higher signal-to-noise ratio in the emission signal of 3 is a consequence of its very low fluorescence quantum yield, Φ f . The bathochromic shifts caused by the heavy atoms in the absorption spectra of 1−3 are also apparent in their emission spectra. The fluorescence lifetimes, τ f , of 1, 2 and 4 were shorter than those of the BODIPY derivatives 5−7. We were unable to determine τ f of 3 because the compound photochemically degraded during the fluorescence measurement, and a new signal of a photoproduct overlapped that of 3 (see also below). Table 2 ). The compound 5 was the most photostable of all studied derivatives. Upon irradiation of 1−3, a new emission band at ~496 nm appeared ( Figures S3-S5 ). The photoproduct 8 34 (for absorption and emission spectra see Figure S20 ) was found to be formed from 1, whereas the compound 5 was identified using HPLC (the authentic compound was used as a reference) as a photoproduct of the photolysis of 2 and 3 ( Figure S21 ). As the compounds 5 and 8 have substantially higher fluorescence quantum yields than those of 1−3, even trace amounts gave strong emission signals, which could be removed by spectral subtraction. A weak absorption band in the red part of the spectra seems to be somewhat shifted to longer wavelengths ( Figures S6 and S7 ). The decay measured at the corresponding wavelengths followed the same monoexponential kinetics ( Table 3) . As the transient lifetime increased considerably (from τ T = 0.24 to 7.1 µs) upon degassing the solution, we also assigned it to the triplet state. Although the presence of tellurium in 3 is responsible for a bathochromic shift of its emission band maximum compared to those of 1 and 2 ( Figure 2 ), the
shift is not apparent in the transient spectra (Figures S9 and S10; λ max = 437 and ~620 nm). The rate constants of the triplet decay (
k ) in aerated and degassed solutions are also shown in Table   3 . ≥6 independent measurements).
The reference 3-iodo BODIPY derivative 4 32 does not absorb at 532 nm; therefore, 355-nm excitation was used for the transient spectroscopy measurements (Figures S11 and S12 ). The triplet spectrum possessed similar absorption peaks ( T max λ = 417 and 667 nm) as those of 1−3.
The ground state bleach is masked by a high absorption of 4 in the region of 450−500 nm. We also attempted to investigate the model compounds 5 (no heavy atom) and 7 (Cl-atom containing derivative). However, we did not observe any triplet transient under the same experimental conditions, which points to a significantly lower ISC quantum yield ( Figure S13 ). Table 3 shows that the compounds 1−4 possess nearly identical triplet lifetimes (7−8 and 0.2 µs for degassed and aerated acetonitrile solutions, respectively) and efficient ISC quantum yields (Φ ISC = 0.4−0.6). The superimposed transient spectra of 1−4 obtained at 2 ns after the excitation are shown in Figure 5 . The molar absorption coefficients were calculated using the Lambert-Beer law from ∆A of the ground state bleach signal taken at 2 ns after excitation and a cuvette optical pathway determined using a solution of eosin Y as a standard (c = 1 × 10 ─5 mol dm ─3 ; see Supporting Information). Compound 1 had the highest molar absorption coefficient at λ max in both the triplet-triplet (Table 3 ) and S 0 →S 1 absorption (Table 1 ) spectra. The shape of the ground state bleach of 4 differs somewhat from its absorption spectrum, which indicates that the triplet state partially absorbs in the region of 440−480 nm. . The spectra were smoothed using a Savitzky-Golay algorithm; the untreated spectra are shown in Figure S14 .
Discussion
The aim of this work was to design and study BODIPY derivatives that exhibit efficient ISC as a consequence of the internal heavy-atom effect. 12 This effect is a short-distance phenomenon. For example, installation of the iodine atom to the para-position of the meso-phenyl group of BODIPY does not prevent its fluorescence; 37 however, when iodine is attached directly to the chromophore core, ISC becomes dominant. 35 In contrast, 2-iodothienyl BODIPY derivatives have been introduced as efficient triplet photosensitizers due to an extended π-conjugation of the 2-iodothienyl and BODIPY moieties. 38 Several heavy-atom-containing BODIPY derivatives have already been made and studied. Iodine-substituted derivatives indeed possess high ISC quantum yields but the compounds were found to be rather photolabile and induce cytotoxicity upon photoproduct formation. 5, 10 Only two studies have introduced Se-or Te-substituted BODIPY derivatives, 30, 31 and the effect of heavy atoms on the ISC quantum yields have not been evaluated. Therefore, we prepared monosubstituted Se-and Te-atom containing derivatives 1−3 to compare their photophysical properties to those of the iodo or chloro analogues 4, 6 and 7 and an unsubstituted derivative 5.
Alkyl groups at the meso position are known to have no special effect on the absorption and emission spectra. 6 However, the presence of a phenyl group in the meso position of BODIPY was found to decrease the fluorescence efficiency due to a more efficient radiationless decay induced by a ring rotation. 39 This group can also impose a considerable steric hindrance for substituents in the positions 1 and 7, which then enhances the fluorescence. 40 When we compared the properties of the meso H-and methyl-analogues 1 and 2, the fluorescence efficiency increased for 2 compared to those of 1 by a factor of 3 (Table 1) . Nevertheless, the photostability of 2 was ~4 times higher than of 1 (Table 2) ; therefore, the meso methyl group was installed in all remaining compounds studied (3−5). The Se and Te atoms were installed to the position 3 because the syntheses via nucleophilic substitution are straightforward 41 (unlike the positions 2 and 6 that bear the least positive charge and are rather susceptible to an electrophilic attack). 6 Finally, the model 2-iodo BODIPY analogue 4 was used because the synthetic protocol was readily available. 32 The absorption and emission spectra of all compounds 1−7 in acetonitrile (Figures 1 and 2 ) possess characteristic features of the basic BODIPY chromophore. 42 A sharp peak and its shoulder in the absorption spectra is a manifestation of the allowed S 0 →S 1 transition of the delocalized π-conjugated system. nm is attributed to the S 0 →S 2 transition. A bathochromic shift observed in both absorption and emission spectra in the order of the substituents H/Cl→I→Se→Te (Figures 1 and 2 ) is clearly a consequence of an increasing electron-donating ability of the substituent. The relatively small Stokes shifts (10−45 nm or 397−1224 cm −1 ; Table 1 ) observed in all derivatives are related to the rigidity of the BODIPY system.
The fluorescence quantum yields decreased with the heavy-atom substitution; nevertheless, residual fluorescence was still detected (Table 1 ). The heavy-atom effect must be responsible for fluorescence quenching but also for shortening of the phosphorescence lifetimes. 11 Examples of compounds bearing the chalcogen atoms that exhibit enhanced ISC in various chromophores have already been reported. For example, furan, thiophene, selenophene, or tellurophene and their derivatives exhibited a linear correlation with the atomic spin-orbit constant of the corresponding chalcogen in the series of O→S→Se→Te. 43, 44 In most of the literature reports, indirect measurements of the quantum yield of singlet oxygen ( 1 O 2 ) generation serves as a tool to determine the ISC efficiency in BODIPY derivatives. 5 In this work, we identified the triplet state and determined the triplet lifetimes and ISC quantum yields for all compounds using nanosecond transient absorption measurements (Table 3) .
Unfortunately, we could not evaluate the rate constants of the triplet state formation because the process was too fast for our ns apparatus. Similar transient spectra of the BODIPY triplets have also been reported for several BODIPY derivatives containing Se, Te, 30 and I 40 atoms.
Churchill and coworkers provided evidence for the photoinduced electron transfer (PET) from a phenyl tellurium group attached to the BODIPY core (they reported that the fluorescence quantum yield increased from 0.06 to 0.2 when the Te atom was oxidized to the corresponding tellurium oxide) in their search for selective sensing of hypochlorite ion in aqueous solutions. 23, 31 As the sum of the quantum yields of fluorescence and ISC never reached 100% in compounds studied in this work (the 1−(Φ f + Φ ISC ) values in Table 3 provide an indication of how efficient non-radiative deactivations are), other (radiationless) processes must contribute to the overall excitation decay. It is possible that PET from the chalcogens 45 to the S 1 excited BODIPY core 46 in 1−3 competes with ISC. As expected, tellurium in 3 enhanced the triplet state more efficiently than selenium in the derivatives 1 and 2 and iodine in 4 (by a factor below 1.4), whereas the decay of the corresponding triplets was essentially the same for all degassed samples (~7 µs), perhaps due to competition of a radiationless process or a cleavage of the carbon−chalcogen bond from the triplet-state manifold. As the data in Table 2 indicate, such a photochemical reductive chalcogen atom substitution (i.e., formation of the products 5 and 8) must be one of the deexcitation channels. As a 2 nd order kinetic model could not be fitted with the experimental data (see the Experimental Part and Supporting Information, page S35), triplet-triplet annihilation or self-quenching processes were excluded in our experiments.
Finally, if the applicability of the compounds 1−3 as triplet sensitizers is considered, all derivatives have the same magnitude of Φ ISC but their photostability is profoundly different ( Table 2 ). The Te-atom substituted BODIPY is photochemically rather unstable, whereas the Sederivative 2 exhibits a very high photochemical stability; its half-life under the identical irradiation conditions is almost two orders of magnitude longer than that of the 2-iodo BODIPY derivative 4.
Conclusions
Steady-state and transient spectroscopy studies of three novel monosubstituted 3-phenylselanyl and 3-phenyltellanyl BODIPY derivatives were used to evaluate the extent of intersystem crossing related to the heavy-atom effect of the Se and Te atoms. It was found that its magnitude is comparable to that of the corresponding monosubstituted 2-iodo derivative. As the photostability of the selenium atom-containing derivatives was found relatively high, they could be considered as triplet sensitizers in various applications.
Experimental Part
Material and Methods. The reagents and solvents of the highest purity available were used as purchased, or they were purified/dried using standard procedures and kept over activated 3 Å molecular sieves (8−12 mesh) under dry N 2 . The synthetic steps were performed under ambient atmosphere unless stated otherwise. The following synthetic intermediates, 5-chloro-1H-pyrrole-2-carbaldehyde, 1-(5-chloro-1H-pyrrol-2-yl)ethanone, 1-(4-iodo-1H-pyrrol-2-yl)ethanone, were synthesized using the procedure reported before. 32 All glassware was oven-dried prior to use. All purification procedures were performed using silica gel column or preparative thin layer chromatography.
1 H and 13 C NMR spectra were recorded on 300 or 500 MHz spectrometers in chloroform-d, acetone-d 6 , or dichloromethane-d 2 . The NMR signals were referenced to the residual peak of the (major) solvent. The deuterated solvents were kept over activated 3 Å molecular sieves (8−12 mesh) under dry N 2 . UV absorption spectra and the molar absorption coefficients were obtained on a UV-vis spectrometer with matched 1.0-cm quartz cells. Fluorescence spectra were recorded on an automated luminescence spectrometer in 1.0 cm quartz fluorescence cuvettes at 25 ± 1 °C; the sample concentration was set to keep the absorbance below 0.1 at λ max ; each sample was measured five times and the spectra were averaged. Emission and excitation spectra are normalized; they were corrected using standard correction files. A nanosecond flash lamp (filled with H 2 ) was used for measuring the fluorescence lifetimes. The data obtained were deconvolved from the measured decay curves of the sample and the instrumental response function. HPLC (a reverse phase column C-8; UV and fluorescence detectors) was used to check the purity of the final synthetic products. Exact masses were obtained using a triple quadrupole electrospray ionization mass spectrometer in positive or negative ion mode. The melting points were determined on a non-calibrated Kofler's hot stage or in open-end capillary tubes using a noncalibrated melting point apparatus.
The nanosecond laser flash photolysis (LFP) setup was operated in a right-angle arrangement of the pump and probe beams. Laser pulses of 170 ps duration at 532 nm (240 mJ; the compounds 1−3) or at 355 nm (160 mJ; the compound 4) were obtained from a Nd:YAG laser. The laser beam was dispersed on a 40 mm long and 10 mm wide modified fluorescence cuvette (a 40 mm optical path). The probe light from a xenon lamp was filtered as necessary. The full description of the apparatus has been published before. 47 The measurements were performed at ambient temperature (20 ± 2 °C). Kinetic traces were fitted using a Levenberg-Marquard algorithm. All measurements were performed at least three times unless stated otherwise. All samples were irradiated by a single laser flash (all BODIPY derivatives are photoactive); the cuvette was filled with a fresh solution after each measurement. The samples were degassed by purging the solutions with oxygen-free nitrogen for 20 minutes in a modified Schlenk fluorescence quartz cuvette. Our degassing method was compared with a freeze-pump-thaw technique (3 cycles): the triplet lifetimes determined by both methods did not differ by more than 5%. In addition, the procedure is highly reproducible as can be seen from standard deviations for the measured triplet lifetimes (Table 3) .
General Procedure for the Synthesis of the Compounds 4-7.
The synthesis was accomplished according to the reported procedure. 32 A solution of POCl 3 (1.1 equiv.) was added into a stirred solution of 1-(5-halo-1H-pyrrol-2-yl)ethanone derivative (1 equiv.) in chloroform (50 mL) (Scheme 1). The reaction mixture was stirred at 23 °C for 1 h. 2,4-Dimethyl-1H-pyrrole (1.1 equiv.) was added in to the reaction mixture which was further stirred at room temperature overnight. Triethylamine (1.1 equiv.) was then added to the solution and followed by the addition of BF 3 ·Et 2 O (1.1 equiv.). The reaction mixture was stirred for 2.5 h. The reaction mixture was quenched with 10% of HCl (10 mL) and extracted with ethyl acetate. The organic layer was washed with water (3 × 10 mL), dried over MgSO 4 and filtered. The solvent was removed under reduced pressure. Column chromatography was used to purify the title compounds.
Synthesis of 2-Iodo-4,4-difluoro-5,7,8-trimethyl-4-bora-3a,4a-diaza-s-indacene (4).
The following starting material was used: 1-(4-iodo-1H-pyrrol-2-yl)ethanone (500 mg, 2. 
Stability of the BODIPY Derivatives in the Dark.
A freshly prepared solution of the corresponding compound in spectroscopic-grade acetonitrile (c = 1−3 × 10 −5 mol dm −3 ) in a 1 cm quartz cuvette was left in the dark at 23 °C, while UV-vis absorption spectra were periodically recorded using a diode-array spectrophotometer. The concentration changes of the compounds were calculated using the molar absorption coefficients.
Photochemical Stability of the BODIPY Derivatives.
A freshly prepared solution of the corresponding compound in spectroscopic-grade acetonitrile (c = 1−3 × 10 −5 mol dm −3 ) in a 1 cm quartz cuvette was irradiated with a home-made device equipped with 32 high-energy LEDs (100 mW) emitting at λ em = 525 ± 11 nm at the distance of ~1 cm from the cuvette window. The reaction progress was monitored using a diode-array UV-vis spectrophotometer. The half-lives of the compounds were calculated from a plot of the absorbance at λ irrad against time by fitting the data to a pseudo-first order kinetic equation. The relative half-lives (τ 1/2 ) in Table 2 were recalculated for the same initial sample absorbance.
Determination of the Intersystem Crossing Quantum Yields. The intersystem crossing quantum yields were calculated from the relative ratios of the areas of the absorption and ground state bleach bands in the transient spectrum. Both spectra were obtained with fresh samples under the same experimental conditions, and the measurements were repeated at least six times. The absorbance of 0.1 at the wavelength of excitation was retained to minimize the interference of the ground state absorption. The light-saturation conditions were kept for all measurements. The sample concentrations and the laser energy were chosen to ensure that the decay of the triplets was first order, thus self-quenching as well as triplet-triplet annihilation processes were negligible (for details see Supporting Information, page S35).
A step-by-step procedure of the ISC quantum yield determination and the method optimization are provided in the Supporting Information (page S39). In addition, the reliability of this procedure was confirmed by a well-established reference method for determination of the ISC quantum yield reported by Das and coworkers using β-carotene as a triplet quencher (Table  S1) . 48 
